ABSTRACT Interactions between Steinernema scapterisci Nguyen & Smart and Ormia depleta (Wiedemann), introduced natural enemies of Scapteriscus spp. mole crickets, within hosts were examined by exposing mole cricket hosts to each natural enemy alone, both natural enemies simultaneously, or to one natural enemy 3 d before exposure to the other. Also, O. depleta life stages were exposed to the nematode directly (in water) and in sand. Host mortality was greatest (Ն98%) when hosts were exposed to both natural enemies or when exposed to planidia (ßy larvae) only. All hosts exposed to both natural enemies simultaneously and to planidia Þrst produced nematode progeny; 79% of hosts exposed to nematodes only produced nematode progeny. When exposed to both natural enemies, fewer hosts produced ßy progeny. From 10 to 31% of multiparasitized hosts produced progeny of both natural enemies. Adult ßy eclosion from puparia developing in multiparasitized hosts was substantially less, but not signiÞcantly so, than eclosion from puparia produced in hosts exposed to planidia only. Development times for tachinids were shorter when developing in hosts exposed to planidia only. Nematode infective juveniles emerged sooner from hosts exposed to planidia Þrst, but emerged more slowly from hosts exposed to the nematode Þrst. Exposure to nematodes did not affect larvae as they exited hosts and formed puparia. Successful adult ßy development and eclosion did not differ after exposure of ßy larvae and puparia to nematodes directly and in sand. Adult eclosion from puparia formed from larvae exposed to nematodes in sand (79%) was less than that of puparia formed from larvae exposed to sand only (97%). A few pupae that had been exposed to nematodes as larvae were found infected with the nematode. No pupal infection occurred when puparia were exposed to nematodes. More than one-third (34.5%) of adult O. depleta were found infected after eclosing and crawling through sand containing the nematode. Because O. depleta appeared to be somewhat disadvantaged within multiparasitized hosts and larvae and adult ßies were susceptible to infection when exposed to the nematode in sand, the potential exists for populations of the ßy in the Þeld to be adversely affected in areas where S. scapterisci is abundant.
THE ENTOMOPATHOGENIC NEMATODE Steinernema scapterisci Nguyen & Smart and the larviporous, phonotactic tachinid Ormia depleta (Wiedemann) were imported from South America into the United States for the control of Scapteriscus spp. mole crickets, the most destructive pests of turf and pasture grasses in much of the southeastern United States (Walker 1985, Frank and Parkman 1999) . After several inoculative releases from 1985 to 1991 at various locations in Florida, both natural enemies became established Smart 1996) , apparently reducing populations of, and damage by, Scapteriscus in limited areas .
Because both of these beneÞcial species attack and develop within adult Scapteriscus, there is potential for multiparasitism of hosts. Also, there is a potential for S. scapterisci to infect O. depleta life stages in the soil when mature ßy larvae exit host cadavers to pupate, as ßy pupae rest in the soil, and when newly eclosed adult O. depleta crawl through the soil to reach the soil surface. Likelihood of multiparasitism and infection of the ßy by the nematode would probably be greater where S. scapterisci is applied as a biopesticide, as it was when it was commercially available in the mid1990s (Parkman and Smart 1996) .
Only a few laboratory studies have examined the effects entomopathogenic nematodes and parasitoids have on one another, both within hosts and in soil. Interactions between hymenopterous and tachinid parasitoids of lepidopterous larvae and entomopatho-genic nematodes, primarily S. carpocapsae, were reported by Kaya (1978a Kaya ( , 1978b Kaya ( , 1984 , Kaya and Hotchkin (1981) and Shannag and Capinera (2000) . Results of these studies suggest that nematodes can affect parasitoid survival indirectly by causing host mortality before completion of parasitoid development, and directly by infecting and killing parasitoid larvae. The general conclusion of theses studies, however, was that entomopathogenic nematodes have minimal effect on the performance of parasitoids in the Þeld.
The objectives of this study were to determine the interactions between S. scapterisci and O. depleta within hosts and to evaluate the nematodeÕs effect on O. depletaÕs survival in sand after it exits the host cadaver. This information may aid in understanding factors affecting the two speciesÕ success as classical biological control agents, and in determining the most effective and judicious use of the nematode as a biopesticide.
Materials and Methods
Steinernema scapterisci was obtained from a laboratory colony maintained by K. B. Nguyen, University of Florida. Nematodes were cultured in vivo in adult Scapteriscus spp., and Acheta domesticus (L.), and infective juveniles were harvested from hosts using the method of Nguyen (1988) , which was modiÞed from that of Dutky et al. (1964) . Infective juveniles were held in deionized water at Ϸ5ЊC until use. Viability of nematodes was conÞrmed by microscopic evaluation immediately before application. Gravid female O. depleta were taken from a laboratory colony maintained at the University of Florida and planidia (mobile, Þrst instars) were dissected from them using the technique of Winewriter and Walker (1990) . Female Scapteriscus vicinus Scudder adults, collected in sound traps (Walker 1982) and held for 10 d before exposure, were used as hosts. All trials were conducted at Ϸ25ЊC, Ϸ50% RH, and a photoperiod of 14L:10D h. Sand used in all trials was sifted, autoclaved, and moistened with deionized water to a moisture content of 12% (sand/ water, wt:wt).
Within-host Interactions. To assess the relationship of S. scapterisci and O. depleta within multiparasitized hosts, mole crickets were exposed to 1,000 infective juvenile nematodes and 5 planidia, either alone or in combination. Five exposure treatments were used: (1) exposure to planidia only; (2) exposure to nematodes only; (3) exposure to planidia and nematodes simultaneously by Þrst exposing host to planidia, then to nematodes 2 h later; (4) exposure to planidia Þrst, then to nematodes 72 h later; and (5) exposure to nematodes Þrst, then to planidia 72 h after initiating exposure to nematodes. Three replications, consisting of 15, 10, and 10 exposed hosts, were used for each exposure treatment.
Mole crickets were exposed to planidia by dissecting the planidia from gravid O. depleta females and immediately placing them on the soft tissue between the head and pronotum of each host mole cricket (Winewriter and Walker 1990) . Mole crickets were exposed to nematodes by placing the crickets in 74-ml plastic vials containing nematodes in 40 mg of sand for 24 h. After exposure, mole crickets were transferred to 74-ml plastic vials containing 15 mg of sand for observation. Caps of vials were perforated with small holes to provide ventilation.
Hosts were checked daily for mortality. Dead hosts from treatments 1, 3, 4, and 5 were held an additional 24 h after death in vials with sand to allow for mature tachinid larvae to exit hosts and pupate. Resulting puparia were placed in sand (2 cm below the surface) in 473-ml plastic cups with vented lids for ßy eclosion. After 24 h, mole cricket cadavers were placed in 26-ml plastic vials lined with moist, 5.5-cm-diam Þlter paper (Whatman No.1, Hillsboro, OR) and observed for nematode infection for up to 12 d. Hosts dying after exposure to treatment 2 (exposure to infective juveniles only) were placed in 26-ml plastic vials lined with moist, 5.5 cm-diam Þlter paper and observed for nematode infection for up to 12 d.
Exposure of O. depleta Larvae to S. scapterisci. Mature, newly emerged ßy larvae were exposed in sand by placing mole crickets, containing 8-d-old ßy larvae, into 74-ml plastic vials holding 15 mg of sand and 2,500 infective juveniles. Four d later the resulting puparia were counted, removed, and placed into sand (2 cm below the surface) held in 473-ml plastic cups with vented lids for ßy eclosion. Eclosed O. depleta adults were held individually in 26-ml plastic vials, with honey-water smeared on the vial lid, until death. Dead ßies were dissected and examined. Nonviable puparia were dissected and examined. Three replications of 25, 15, and 12 mole cricket hosts each were used. As a control, 21, 11, and 10 mole crickets containing ßy larvae were treated as above except they were not exposed to nematodes.
Mature, newly emerged O. depleta larvae were exposed to nematodes more directly by placing mole crickets containing 9-d-old ßy larvae into 26-ml vials containing moist, 5.5 cm-diam Þlter paper, but no sand. Into each vial were added 2,000 infective juveniles in 1 ml of water. Two d later, resulting puparia were removed and maintained as mentioned previously. Eclosed ßies were maintained and examined as described previously; nonviable puparia were dissected and examined. Three replications of 30, 11, and 14 mole cricket hosts each were used. Respective, wateronly control replications consisted of 10 parasitized mole crickets each.
Exposure of O. depleta Pupae to S. scapterisci. Pupae were exposed directly to 200 infective juveniles for 2 d in plastic petri dishes (6 ϫ 1.5 cm) lined with a moist, 5.5 cm-diam Þlter paper. Nematodes were applied in 0.5 ml water directly to each puparium. After 2 d, puparia were maintained as described before. Nonviable puparia and eclosed ßies were maintained and examined as mentioned previously. Dead ßies were also examined. Sixty-Þve, 22, and 16 puparia were used for each of three replicates. Ten puparia, treated as above except water without nematodes was applied, were used for each control replicate.
Exposure of O. depleta Adults to S. scapterisci.
Newly eclosed O. depleta adults were exposed to infective juveniles by placing Þve 7-d-old puparia into a 473-ml plastic cup containing sand. Puparia were placed Ϸ2 cm below the sand surface. Then 2,500 nematodes were applied in 15 ml of water evenly to the sand surface (ϭ35 nematodes per cm 2 of sand surface) and watered with an additional 30 ml of water. Eclosed ßies and nonviable puparia were maintained and examined as described previously. Thirty, 30, and 25 puparia were used in three respective replicates. Three control replicates, held in sand without nematodes, consisted of 10 puparia each.
Statistical Analysis. Means were subjected to t-test or analysis of variance (ANOVA) using the general linear models procedure (GLM) of the Statistical Analysis System (SAS Institute 1996) . If the F value from the GLM procedure was signiÞcant (P ϭ 0.05), TukeyÕs studentized range test was used to separate the means. Percentage data were transformed by arcsine square root to normalize their distribution before analysis.
Results
Within-host Interactions. Exposure to planidia alone or in any combination with nematodes resulted in Ն98% mortality of crickets, signiÞcantly greater than mortality caused by exposure to nematodes alone (F ϭ 9.85; df ϭ 4, 10; P Ͻ 0.002) ( Table 1 ). All crickets exposed to nematodes and planidia simultaneously or to planidia before nematodes produced nematode progeny, a signiÞcantly greater percentage than that resulting from exposure to nematodes alone (F ϭ 10.47; df ϭ 3, 8; P Ͻ 0.004) ( Table 1) . Tachinid survival, however, appeared to be adversely affected by multiparasitism because a signiÞcantly smaller percentage of crickets exposed to both natural enemies produced puparia and tachinid adults than did hosts exposed to planidia only (puparia: F ϭ 20.51; df ϭ 3, 8; P Ͻ 0.004, adults: F ϭ 21.04; df ϭ 3, 8; P Ͻ 0.004) ( Table 1) . Although ßy eclosion from pupae developing from hosts exposed to planidia alone (92%) was substantially greater than that of pupae developing from hosts exposed to planidia before nematodes (53%), statistical analysis failed to detect a signiÞcant difference in viable pupae production among the exposure methods (F ϭ 1.41; df ϭ 3, 8; P Ͻ 0.3894) (Table 1) .
Correspondingly, signiÞcantly fewer puparia and adult tachinids were produced per host in crickets exposed to both natural enemies than in crickets exposed to planidia alone (puparia: F ϭ 7.87; df ϭ 3, 128; P Ͻ 0.0001, adults: F ϭ 9.51; df ϭ 3, 128; P Ͻ 0.0001) ( Table 2 ). Development times for adult tachinids were signiÞcantly greater for those produced in multiparasitized hosts (F ϭ 30.19; df ϭ 3, 20; P Ͻ 0.0001) ( Table 2) . Time required for nematode progeny (infective juveniles) to exit host cadavers varied significantly among the exposure methods (F ϭ 23.98; df ϭ Numbers in columns are means Ϯ SEM; n ϭ 3 for all means, 10 individuals used per mean unless otherwise noted in text. Means within columns followed by the same letter are not signiÞcantly different (using Tukey, P ϭ 0.05).
a Mole cricket hosts were exposed to Þve tachinid planidia only, 1,000 infective juvenile nematodes only, to both planidia and nematodes simultaneously, to planidia 3 d before nematodes, and to nematodes 3 d before planidia. Numbers in columns are means Ϯ SEM; n ϭ 3 for all means, 10 individuals used per mean unless otherwise noted in text. Means within columns followed by the same letter are not signiÞcantly different (using Tukey, P ϭ 0.05).
a Mole cricket hosts were exposed to Þve tachinid planidia only, 1,000 infective juvenile of the entomopathogenic nematode S. scapterisci only, to both planidia and nematodes simultaneously, to planidia 3 d before nematodes, and to nematodes 3 d before planidia.
b Time required for adults to eclose after exposure of hosts to planidia. c Time required for infective juvenile nematodes to exit cadavers after exposure of hosts to nematodes.
3, 119; P Ͻ 0.0001). Nematode emergence from hosts was most rapid for crickets exposed to planidia before nematodes and was slowest for those exposed to nematodes before planidia ( Table 2) . Exposure of O. depleta Life Stages to S. scapterisci. The number of pupae produced per host did not differ between controls and those hosts exposed to nematodes, whether hosts were exposed to nematodes in sand or in water (sand: t ϭ Ϫ0.98, df ϭ 4, P Ͻ 0.393; water: t ϭ 2.78, df ϭ 4, P Ͻ 0.055) ( Table 3 ). The percentage of puparia producing adult tachinids did not differ signiÞcantly based on life stage exposed and/or exposure method (F ϭ 0.31; df ϭ 3, 8; P Ͻ 0.5252) ( Table 4) . A few pupae, formed from larvae that had been exposed to nematodes, were found to be nematode-infected. Nematode infection of pupae did not differ based on life stage exposed and/or exposure method (F ϭ 0.69; df ϭ 3, 8; P Ͻ 0.5852) ( Table 4) . No pupae exposed directly to nematodes became infected.
Percentage of puparia producing adult tachinids for larvae exposed to nematodes in sand (79%) was signiÞcantly less than that of controls (97%) (t ϭ 3.14, df ϭ 4, P Ͻ 0.035) ( Table 4) . Percentage adult eclosion for tachinid larvae and pupae exposed directly and for adults exposed in sand did not differ signiÞcantly from their respective controls (larvae directly: t ϭ 0.28, df ϭ 4, P Ͻ 0.795, pupae directly: t ϭ 0.93, df ϭ 4, P Ͻ 0.407, adults in sand: t ϭ 0.81, df ϭ 4, P Ͻ 0.461) ( Table 4) . More than one-third of adult tachinids that eclosed in nematode-treated sand were found to be infected with the nematode. None of the adults exposed to the nematode as larvae or pupae were infected with the nematode (Table 4) .
Discussion
Other studies have reported deleterious effects of nematodes on parasitoids, primarily when parasitoid larvae are infected as they exit the host and before they spin their protective cocoons. Such effects were reported for braconid and ichneumonid parasitoids of armyworms (Kaya 1978a (Kaya , 1978b Kaya and Hotchkin 1981) and a braconid parasitoid of Diaphania spp. (Shannag and Capinera 2000) . Once enclosed in their silken cocoons, parasitoid pupae were protected from nematode infection. Exposed pupae (from which silken cocoons were removed) were susceptible to infection (Kaya 1978a (Kaya , 1978b Kaya and Hotchkin 1984) . Adult braconids were infected after direct exposure to nematodes (Kaya 1978a) .
More relevant to our study is a report by Kaya (1984) , who found that Neoaplectana (ϭSteinernema) carpocapsae Weiser infected larvae of the tachinid Compsilura concinnata (Meigen) within armyworm hosts and adult tachinids as they eclosed from nematode-treated soil. As with O. depleta, pupae of the tachinid were not affected by direct exposure of the puparium to nematodes. Also, nematodes and tachinids could successfully develop in hosts when hosts containing young tachinid larvae (Յ3 d old) were exposed to nematodes.
Successful development of S. scapterisci and O. depleta in one host is not surprising because they develop primarily in different parts of the host cricket: the nematode in the head and thorax (Nguyen and Smart 1992) and the ßy in the abdomen (S. A. Winewriter, personal communication ). However, very few Scapteriscus multiparasitized by S. scapterisci and O. depleta have been collected from the Þeld (JPP unpublished observations from 1989 to 1995), and these were collected in sound traps used to monitor ßight activity of adult Scapteriscus (Walker 1982) . This paucity probably reßects the general rarity of such multiparasitism.
Regardless of order of exposure, multiparasitism appears to favor S. scapterisci with almost all multiparasitized hosts producing nematode progeny (compared with only 79% infected with nematodes alone) ( Table 1) . The nematodeÕs success in multiparasitized hosts may be caused by weakening of the hostsÕ immune response, making them more susceptible to nematode infection. The more rapid development Numbers are means Ϯ SEM; n ϭ 3 for all means. Means within rows followed by the same letter are not signiÞcantly different (using t-test, P ϭ 0.05). Table 4 . Survival of O. depleta after exposure as larvae, pupae and adults to S. scapterisci infective juveniles in sand (larvae and adults) and when applied directly in water (larvae and pupae) time for infective juveniles in hosts exposed to planidia Þrst (Table 2) is probably caused by lack of nutrients and perhaps to a weakened immune response. Infective juveniles are produced sooner in hosts that are overcrowded or contain insufÞcient nutrients (Nguyen and Smart 1992) . In contrast, multiparasitism signiÞcantly reduced tachinid survival compared with that in hosts exposed to planidia only (Tables 1 and 2) ; and development time is prolonged (Table 2) , probably due also to within-host nutrient deÞciencies. Although larval survival, based on number of pupae produced per host, did not appear to be affected by exposure to nematodes (Table 3) , successful development of adults within pupae did appear to be affected as was survival of adults after exposure to nematodes in sand (Table 4) .
Despite the detrimental effects to O. depleta, the two natural enemies should be considered compatible for biological control of Scaptersicus mole crickets. In nature, they are most likely to interact where S. scapterisci is abundant such as areas densely populated by infected mole crickets or where it is applied as a biopesticide. Under these circumstances the tachinid may be adversely affected by the nematode, especially when newly eclosed adult O. depleta are in contact with soil containing the nematode. However, the treatment level used to expose tachinid adults in sand (35 nematodes/cm 2 of sand surface) is Ϸ1.75 times that of the recommended Þeld level of 2 billion nematodes/ha (Frank and Parkman 1999) ; therefore, infection levels of the tachinid where the nematode has been applied would probably be less than determined in these experiments. Also, the ability of both natural enemies to develop successfully in a single host would reduce further the negative impact S. scapterisci might have on O. depleta in areas where both natural enemies occur.
